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T-invariantsSystems biology approach to investigate biological phenomena seems to be very promising because it is
capable to capture one of the fundamental properties of living organisms, i.e. their inherent complexity. It
allows for analysis biological entities as complex systems of interacting objects. The ﬁrst and necessary
step of such an analysis is building a precise model of the studied biological system. This model is
expressed in the language of some branch of mathematics, as for example, differential equations. During
the last two decades the theory of Petri nets has appeared to be very well suited for building models of
biological systems. The structure of these nets reﬂects the structure of interacting biological molecules
and processes. Moreover, on one hand, Petri nets have intuitive graphical representation being very help-
ful in understanding the structure of the system and on the other hand, there is a lot of mathematical
methods and software tools supporting an analysis of the properties of the nets. In this paper a Petri
net based model of the hemojuvelin–hepcidin axis involved in the maintenance of the human body iron
homeostasis is presented. The analysis based mainly on T-invariants of the model properties has been
made and some biological conclusions have been drawn.
 2013 Elsevier Inc. All rights reserved.1. Introduction
It becomes more and more evident that living organisms are
complex systems. It means that they are composed of many com-
ponents that are interconnected by a dense network of interac-
tions. These interactions are responsible for a great part of
properties of such systems. In other words, the structure and func-
tionality of living organisms follows not only directly from the
properties of their building blocks but rather from the complex
interactions among them.
From this it follows that for a deep understanding the nature of
living organisms it is not sufﬁcient to study the properties of these
blocks separately. It is necessary to analyze also the whole net of
interactions. This means that they should be considered as com-
plex systems and analyzed using methods developed for studying
such systems [15,21,42].
Methods of this type has been developed in the area of systems
sciences where they have been usually used to analyze technical
systems. Many of these methods can be applied in the area of bio-
logical sciences. But biological systems have their own speciﬁcity,
so in many cases these methods should be adopted to the nature
of them. However, in any case, the ﬁrst and necessary step in theprocess of the analysis of a complex system is building a precise
model of it. Such a model should be expressed in the language of
some mathematical theory.
It is worth to mention that developing a formal model of a bio-
logical system is usually much more challenging than building the
model of a technical system. There are at least two reasons of this.
First, the biological systems are the most complex ones analyzed
by humans so far. Second, contrary to the case of technical systems,
the biological ones have not been developed by humans. So, their
structure has to be discovered.
Traditionally, for describing biological phenomena in a formal
way differential equations are used. They are a very powerful
mathematical tool andmodels based on them are, in principle, very
precise. However, in the context of biological systems it may be
difﬁcult to build a precise model based on differential equations.
The reason is that they require exact values of some parameters.
These values correspond to quantitative properties of the modeled
biological system but they are usually difﬁcult to determine. So, of-
ten the differential equations based model contains imprecise
quantitative information what can considerably inﬂuence its prop-
erties and the conclusions drawn on the basis of it.
So, for modeling complex biological systems recently models of
another kinds are used. One of the mathematical theories applied
for this purpose is the theory of Petri nets. The nets of this type
have been proposed in 1962 by Carl A. Petri in the context of com-
puter systems. For years this theory has been developed and
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and telecommunication ones. They are well suited for modeling
concurrent stochastic processes.
But most of biological processes are of this type. So, with the ra-
pid development of computational biology during the last two dec-
ades Petri nets are being also used to model and analyze biological
systems.
One of the advantages of nets of this type is their intuitive
graphical representation which is very helpful in understanding
the structure of the net and the modeled system and in the simu-
lation of them. On the other hand, there are well-known mathe-
matical methods for the analysis of Petri net properties and
many freely available software tools can support such an analysis
and simulation [28,47].
In this paper a formal model expressed in the language of Petri
net theory of the hemojuvelin (HJV)–hepcidin axis involved in the
maintenance of the human body iron homeostasis is provided. The
smooth cooperation of this axis is a very important phenomenon
because any disturbances observed, among others, on the basis of
the naturally occurring human mutations show the measurable
damages to the functioning of the human organism, either hepci-
din deﬁciency, resulting in iron overload, or hepcidin excess with
consequent iron deﬁciency and sequestration.
Although it has been over 10 years since the groundbreaking
discovery of hepcidin and we learned a lot at this time, there are
still new research topics in this issue [16]. Hepcidin is transcrip-
tionally regulated and there is no evidence yet of other types of
control. However, this regulation is very complex and still requires
investigations [6].
This paper presents a part of a broader research concerning iron
metabolism (cf. [37,13,14]). Its novelty lies in modeling and analy-
sis a different phenomenon, i.e. hemojuvelin–hepcidin – axis regu-
lation, crucial for the maintenace of the human iron homeostasis,
especially during inﬂammatory process. This is the next stage of
our research on human body iron homeostasis. In addition to cre-
ating, from scratch, a formal model of this process based on Petri
nets, a detailed analysis of the model has been made. Then, the re-
sults obtained in the form of T-invariants, have been grouped into
MCT-sets and T-clusters. This allowed us to draw some biological
conclusions.
The organization of the paper is as follows. In the next Section
some basics of the Petri net theory are provided which should be
helpful for the reader in understanding the followed parts of the
paper. In Section 3 the role of hemojuvelin in the process of hepci-
din synthesis is described in an informal way. In Section 4 the Petri
net based model is provided and described, while in Section 5 the
results of the analysis of the model are shown and discussed. The
paper ends with conclusions in Section six.2. Petri nets
A Petri net is a mathematical formalism based on a directed
bipartite graph. Graphs of this type consist of vertices which can
be divided into two disjoint sets in such a way that each arc of
the graph has one of its ending vertices in one of these sets and
the another ending vertex is an element of the second set. The ver-
tices being elements of one of these sets are called places and the
elements of the other set are transitions. In the biological context
places correspond to some biological or chemical components
while transitions correspond to some reactions (not necessarily
in chemical sense) [33,27,8,23].
This graph determines the structure of a Petri net. Graphs are
static structures but one of the fundamental properties of Petri nets
is their dynamics. It is connected with another important compo-
nent of such nets, i.e. tokens. They ﬂow through the net whatcorresponds to the ﬂow of information, substances etc. through
the modeled system. The distribution of tokens over the places,
called marking, corresponds to the state of the modeled system.
Every transition tj, j = 1, 2, . . ., m has some input places pk, k = 1,
2, . . ., rj. They are places for which arc (pi, tj) exists in the net. Sim-
ilarly, there are also some output places pl, l = 1, 2, . . ., sj of transition
tj – they are places for which arc (tj, pk) exists. Every arc of the net is
labeled by a positive integer called a weight.
When the number of tokens residing in each input place pi of
transition tj is equal to or greater than the weight of arc (pi, tj), then
the transition is enabled. Such a transition can be ﬁred, what means
that tokens from input places ﬂow to output places via transition tj.
The number of tokens removed from input place pi is equal to the
weight of arc (pi, tj). Similarly, the number of tokens put to output
place pk is equal to the weight of arc (tj, pk). There are two excep-
tions to this rule. First, there are transitions without input places.
Transitions of this type are continuously enabled. Second, there
are also transitions without output places. They do not produce
any tokens when ﬁred. Transitions of both of these types can model
interactions of the system with its environment.
In a graphical representation places are shown as circles, transi-
tions as rectangles, arcs as arrows and tokens as dots or numbers
residing in places. The weights equal to one are not explicitly rep-
resented in the graphical representation of the net.
The graphical representation of a Petri net is very intuitive but it
is not well suited for the formal analysis of its properties. Hence,
the basic representation of such nets is based on an incidence ma-
trix A = (aij)nm. The rows of this matrix correspond to places and
the columns correspond to transitions of the net. Each entry aij is
an integer number equal to the difference between the numbers
of tokens present in place pi before and after ﬁring transition tj.
In the case when a Petri net is a model of a biological system
especially important is an analysis of its invariants. There are
two types of them, i.e. P-invariants and T-invariants. A P-invariant
is vector y 2 Nn being a solution of the equation
AT  y ¼ 0:
A T-invariant is vector x 2 Nm satisfying the equation
A  x ¼ 0:
With each T-invariant x there is associated its support, denoted
by supp(x), being a set of transitions corresponding to non-zero en-
tries in x, i.e. supp(x) = {tj: xj > 0, j = 1, 2, . . ., m}. A T-invariant x is
minimal if its support does not properly contain a support of any
other T-invariant, i.e. if there is no T-invariant x0 such that
supp(x0)  supp(x). A minimal P-invariant is deﬁned analogously.
Since any invariant can be obtained as a linear combination of
some minimal invariants usually it is sufﬁcient to consider only
the minimal ones.
A T-invariant corresponds to a set of transitions whose ﬁring a
number of times equal to an entry of the invariant reproduces a gi-
ven marking of the net. There are many algorithms for the invari-
ants computation and new approaches are still being published
[29,4,36].
A Petri net should be covered by T-invariants. It means that
every transition should be an element of support of some invariant.
In such a case every modeled elementary biological process con-
tribute to a basic behavior of the net (cf. [38,14,23]). If in the net
there are transitions which are not elements of a support of any
T-invariant it may suggest that the model is not properly con-
structed. So, checking the T-invariant coverage is a kind of the ver-
iﬁcation of the model correctness.
In case of many biological systems it is necessary to return to
an initial state (what is possible if the net is covered by T-invari-
ants). In particular it is necessary for the system whose model in
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hemojuvelin axis, which is crucial for maintaining the balance of
iron metabolism in the human body, especially in the case of
inﬂammation. The modeled process must return to the initial
state since all deviations, particularly those that contribute to
the increase in the concentration of iron in the body, would in-
crease its availability for microorganisms which, like human, need
iron to sustain all life processes. In terms of physiology the hu-
man body protects itself in this way before the massive
infections.
In Fig. 1 there is shown an exemplary Petri net. The net con-
tains: input transitions t0, t1, t2, output transition t8, T-invariants
x1 = {t0, t8}, x2 = {t1, t3, t5, t6, t7, t8}, x3 = {t2, t4, t5, t6, t7, t8}, P-invari-
ant y1 = {p3, p4, p5}. Transition t5 can be ﬁred if and only if there is a
token in both places p2 and p5. Thus, within a P-invariant at least
one token must be provided, i.e. in places p3, p4 or p5. The net is
covered by T-invariants.3. Informal description of the biological process
In order to draw some conclusions concerning the modeled bio-
logical system on the basis of the analysis of the net properties for
T-invariant its biological meaning should be identiﬁed. In many
cases it may be difﬁcult in practice due to a huge number of them.
In such cases grouping transitions and T-invariants into some sets
appears to be helpful.
Transitions can be grouped into the so-calledMCT-sets (Maximal
Common Transition sets) [38,37]. A set of this type consists of tran-
sitions which belong to exactly the same T-invariants. The MCT-
sets partition the set of transitions into disjoint subsets whose
biological meaning should be determined. T-invariants and the
MCT sets are basis for conducting detailed analysis of the modeled
biological processes [20].
T-invariants can be grouped into the so-called T-clusters
[37,17,34]. T-cluster is a set of similar T-invariants and could be
interpreted as biological functional module. Similarity of T-invari-
ants is computed based on clustrering techniques like UPGMA or
Complete Linkage. Although formally there is no relationship be-
tween T-clusters and MCT-sets, T-cluster can be seen as a collec-
tion of MCT-sets and single transitions (Table 4).
The analysis of the content of MCT-sets and T-clusters may lead
to discoveries of some important dependencies among the subpro-Fig. 1. An exemplcesses of the analyzed biological system which in turn may lead to
some interesting properties of the system. In other words, in this
way on the basis of the mathematical model some biological dis-
coveries can be made.3.1. Hepcidin in iron metabolism
The balance of iron in the human organism must be carefully
regulated to provide iron as needed, and to avoid toxicity associ-
ated with iron overload. The regulation of this process starts at
the level of intestinal absorption and involves macrophage iron
recycling and hepatocyte iron mobilization [11]. There is a lot of
stimuli known to modulate the iron homeostatic mechanism, like
erythroid iron needs, hypoxia, iron deﬁciency, iron overload and
inﬂammatory processes. Much of this regulation is controlled by
hepcidin [31], a protein encoded by hepcidin antimicrobial peptide
(HAMP), which inﬂuences iron homeostasis mainly through its
ability to bind ferroportin 1 (FPN1), the iron exporter responsible
for iron egress from duodenal enterocytes, macrophages, and other
iron exporting cells.3.2. Factors affecting hepcidin synthesis
Hepcidin is transcriptionally regulated and there is no evidence
yet of other types of control [16]. Under physiological conditions
its expression in the liver is regulated by many proteins that are
expressed in accordance to iron demand, including the human
hemochromatosis protein (HFE), transferrin receptor 2 (TfR2),
HJV, bone morphogenetic proteins (BMPs) (BMP6 appears to be
the key BMP in this regulation), matriptase-2 encoded by trans-
membrane protease serine 6 gene (TMPRSS6) and transferrin (Tf).
As BMP6 is currently the only component of the HJV/BMP signaling
pathway that has been demonstrated to be iron regulated, matrip-
tase-2 may represent an additional element of this pathway whose
expression is regulated in accordance with body iron stores [32].
On the other hand, HAMP expression can be also regulated, regard-
less of body iron levels, by erythroid factors, hypoxia, and inﬂam-
matory process [48].
Studies in both humans and animal models indicate that HFE
and TfR2 are relatively mild inducers of HAMP expression. In com-
parison, HJV, BMP6, matriptase-2, and neogenin are robust modiﬁ-
ers of its expression.ary Petri net.
Fig. 2. The Petri net model. MCT sets are marked as separate transition blocks (m1–m14).
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mediated also through the BMP/SMAD (proteins that are homologs
of both the Drosophila protein mothers against decapentaplegic
(MAD) and the C. elegans protein SMA) signaling pathway. BMPs
represent a class of secreted ligands that can regulate cell prolifer-
ation and differentiation. Binding of BMP ligands to cell-surface
BMP receptors (BMP-R) causes the phosphorylation of SMAD pro-
teins that translocate to the nucleus to induce transcription of spe-
ciﬁc genes, including HAMP [6].3.3. Hemojuvelin as a key protein in hepcidin synthesis regulation
One of the proteins inﬂuencing BMP signaling pathway is HJV,
a membrane protein that is encoded by a gene hemochromatosis
type 2 protein (HFE2) originally cloned by Papanikolaou et al.
[30].
The main sources of HJV are the liver and skeletal muscle, but it
is also found within the heart [35]. HJV has two isoforms: an inac-
tive secreted soluble form (s-HJV) and an active membrane-bound
Table 2
List of transitions.
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ment) by the ubiquitously expressed furin.Transition Biological meaning
t0 Binding to HAMP proximal promotor
t1 Increased BMPs, m-HJV and BMPs-R binding
t2 Increasing R-SMADs induction
t3 R-SMADs–SMAD1/5/8 phosporylation
t4 Heterodimerization
t5 R-SMADs phosphorylated, SMAD4 and BMP-RE1 binding in
nucleus
t6 R-SMADs phosphorylated, SMAD4 and BMP-RE2 binding in
nucleus
t7 Binding to HAMP distal promotor
t8 High BMPs–m-HJV–BMPs-R–neogenin–HFE–TfR2–Fe2Tf complex
forming
t9 Increase BMPs and m-HJV binding in hepatocytes
t10 Lowering s-HJV
t11 Furin activation
t12 Increase BMPs and m-HJV binding in cells other than hepatocytes
t13 HIF-1 stabilization by hypoxia, mainly in the liver
t14 Increase release of s-HJV caused by cleavage m-HJV by furin
t15 HIF-1 stabilization by low iron level
t TWSG1 and GDF15 together action3.4. Furin-mediated hemojuvelin release
The furin-mediated HJV release is negatively regulated by iron-
loaded Tf and possibly non-Tf iron [40]. m-HJV functions as a co-
receptor for BMPs, increasing the efﬁciency of the interaction of
BMP with its receptor, and increases hepatic hepcidin expression
by enhancing BMP signaling, while s-HJV works the other way. s-
HJV decreases BMP signaling by acting as a ‘‘decoy receptor’’ [22]
for BMPs, competing with m-HJV [2], what prevents the formation
of a cell surface BMP-HJV complex and blocks activation of BMP-R
[9]. Therefore, any factors enhancing the synthesis of s-HJV lead to
a suppression of hepcidin synthesis. Low iron levels and hypoxia
are such factors. They increase the generation of s-HJV, by a stabil-
ization of hypoxia-inducible factor-1 (HIF-1) [39], which in turn
up-regulates matriptases-2, a serine protease, which is encoded
by the TMPRSS6 gene [26].Table 1
List of places.
Place Biological meaning
p0 High BMPs–m-HJV–BMPs-R–neogenin complex
p1 R-SMADs–SMAD1/5/8-SMURF1 complex
p2 R-SMADs–SMAD2/3 phosphorylated
p3 BMP-RE1
p4 R-SMADs phosphorylated–SMAD4–BMP-RE1 complex
p5 BMP-RE2
p6 R-SMADs phosphorylated–SMAD4–BMP-RE2 complex
p7 Full HAMP promotor activity
p8 GDF15
p9 m-HJV
p10 BMPs–m-HJV–BMPs-R–neogenin–HFE–TfR2–Fe2Tf complex
p11 BMPs–m-HJV complex
p12 SMAD4 acting as co-SMAD
p13 Furin activated
p14 BMPs-R
p15 High s-HJV
p16 Low Fe level in serum
p17 State of hypoxia
p18 Matriptase-2 (TMPRSS6)
p19 TWSG1
p20 TWSG1–GDF15 complex
p21 TGF beta
p22 HIF-1
p23 Neogenin
p24 HAMP
p25 HFE–TfR2–Fe2Tf complex
p26 Low BMPs–m-HJV–BMPs-R–neogenin complex
p27 HFE from TfR1-HFE complex
p28 High Fe2Tf
p29 High Fe level in serum
p30 Low Fe2Tf
p31 No BMPs–m-HJV–BMPs-R–neogenin–HFE–TfR2–Fe2Tf complex
p32 Low s-HJV
p33 TGF beta-RII
p34 TGF beta–TGF beta-RII complex
p35 TGF beta–TGF beta RII–TGF beta-RI phosphorylated–SARA complex
p36 SARA
p37 R-SMADs phosphorylated–SMAD4 complex
p38 TGF beta–TGF beta-RII–TGF beta-RI phosphorylated complex
p39 I-SMADs–SMAD6
p40 SMAD4–I-SMADs–SMAD6 complex
p41 TGF beta-RI
p42 TGF beta-RI phosphorylated
p43 R-SMADs no phosphorylated
p44 BMPs mainly BMP6
p45 I-SMADs–SMADs7
p46 R-SMADs–SMAD1/5/8 phosphorylated
p47 R-SMADs–SMAD2/3–SMURF2 complex
16
t17 Matriptase-2 (TMPRSS6) synthesis
t18 Hypoxia generation
t19 BMP-RE1 located in the proximal region
t20 BMP-RE2 located in the distal region
t21 SMAD4 synthesis
t22 TWSG1 synthesis
t23 Increased GDF15 synthesis
t24 BMPs-R synthesis
t25 Highly increased transport iron from intestinum to the serum
t26 Prolonged low iron in diet
t27 Increase relase of s-HJV caused by cleavage m-HJV by matriptase-
2 (TMPRSS6)
t28 m-HJV expression
t29 HIF-1 stabilization by sceletal muscle hypoxia
t30 Processes lowering TWSG1 and GDF15
t31 Neogenin expression
t32 Increased BMP synthesis
t33 Inducing processes that lower s-HJV
t34 TGF beta synthesis
t35 Inﬂammatory process
t36 Processes increasing Fe level
t37 HAMP transcription
t38 Lower Fe transport from intestinum to the serum
t39 HFE, TfR2 and Fe2Tf binding
t40 Decreased BMPs and m-HJV binding
t41 Decreased BMPs and m-HJV binding in hepatocytes
t42 Decreased BMPs, m-HJV and BMPs-R binding
t43 Processes occuring when Fe2Tf is high
t44 High Fe2Tf increasing
t45 High Fe2Tf decreasing
t46 No binding between HFE, TfR2 and Fe2Tf
t47 Increasing s-HJV bacause of no binding betwen HFE, TFR2 and
Fe2Tf
t48 Low level of BMPs–m-HJV–BMPs-R–neogenin–HFE–TfR2–Fe2Tf
complex
t49 TGF beta and TGF beta-RII binding
t50 TGF beta and TGF beta-RII and TGF beta-RI binding
t51 Phosphorylation and binding
t52 TGF beta-RII expression
t53 TGF beta-RI expression
t54 SARA expression
t55 R-SMADs phosphorylated binding to SMAD4 acting as co-SMAD
t56 SMAD4, I-SMADs and SMAD6 binding
t57 Forming complex
t58 I-SMADs, SMADs7 and TGF beta-RI phosphorylated binding
t59 No HAMP transcription because of creating complex SMAD4–I-
SMADs–SMAD6
t60 I-SMADs–SMAD7 activation
t61 I-SMADs–SMAD6 activation
t62 No HAMP transcription because of R-SMADs no phosphorylated
t63 HAMP transcription induced by TGF beta-TGF beta-RII–TGF beta-
RI phosphorylated–SARA complex
t64 SMURF2 induction
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Recent studies indicate that matriptase-2 binds and degrades
HJV, leading to a decrease in cell surface HJV and decreases HAMP
promoter responsiveness to BMP signaling in hepatocytes [40]. It is
responsible for the cleavage of HJV at arginine 288, releasing a 36
kD s-HJV that is unable to bind BMPs, making matriptase-2 a sup-
pressor of HAMP expression.
The furin cleavage site of HJV is distinct from that of matriptase-
2 [10].
3.6. BMP-SMADs pathway in hepcidin synthesis regulation
The activation mechanism of the SMADs has been well deﬁned.
Binding of BMP to cell surface HJV positions BMP to activate BMP-
R. Upon BMP stimulation, type I and II receptors form heterodimers
to recruit and phosphorylate receptor-regulated SMADs (R-
SMADs) including SMAD1, SMAD5, and SMAD8 (SMAD1/5/8 sig-
naling pathway).
The phosphorylated R-SMADs subsequently dimerize with
common SMADs (SMAD4) into R-SMADs–SMAD4 heterodimer
and translocate into nuclei to activate transcription of HAMP gene,
upon binding to proximal and distal sites on its promoter [44].
The level of SMADs is regulated by the E3 ubiquitin-protein
ligases, called SMAD ubiquitination regulatory factors 1 and 2
(SMURF1) and (SMURF2), respectively [49]. They accept ubiqui-
tin from an E2 conjugating enzyme where they transfer ubiqui-
tin to the R-SMADs which causes their ubiquitination followed
by degradation in proteosome. SMURF1 binds to SMAD1 and
SMAD5, while SMURF2 binds SMAD1, SMAD2, SMAD3, SMAD6
and SMAD7.
BMP, HJV and SMAD1 response by HAMP is dependent on a dis-
tal BMP responsive element 2 (BMP-RE2). Furthermore, the BMP
responsive element 1 (BMP-RE1) is located in the proximal region
of HAMP. BMP-RE1 and BMP-RE2 mediate high baseline HAMP
promoter activity [43].
Another protein involved in regulation of HAMP expression is
neogenin, which inhibits HJV secretion and was found to be neces-
sary for BMP-induced SMAD1/5/8 signaling pathway [24].
BMP signaling pathway is still subject to other regulation. It is
negatively regulated by growth differentiation factor 15 (GDF15)
and twisted gastrulation protein 1 (TWSG1) being members of
the transforming growth factor-b family (TGF beta). They both
modulate BMP signaling in response to ineffective erythropoiesisTable 3
List of non-trivial MCT-sets.
MCT-
set
Contained
transitions
Biological interpretation
m1 t1, t8, t24, t31, t39,
t43
Increasing level of BMP–m-HJV–BMPs-R–neogenin–HFE
leading to an increase in HAMP expression
m2 t51, t54, t55, t57,
t63, t64
HAMP transcription induced by R-SMADs phosphorylate
m3 t34, t49, t50, t52, t53 TGF beta synthesis and binding to its receptors
m4 t0, t5, t19 Activation of HAMP proximal promotor under the inﬂue
m5 t2, t3, t4 Forming R-SMADs phosphorylated–SMAD4 complex
m6 t6, t7, t20 Activation of HAMP distal promotor under the inﬂuence
m7 t16, t22, t23 Forming TWSG1–GDF15 complex inﬂuenced by low iro
m8 t45, t46, t47 Increasing level of s-HJV inﬂuenced by decreasing level
m9 t56, t59, t61 Supressing HAMP transcription caused by its signaling p
m10 t58, t60, t62 Suppressing HAMP transcription caused by binding of p
m11 t11, t14 Increasing formation of s-HJV caused by furin-mediated
m12 t17, t27 m-HJV to s-HJV cleavage by matriptase-2 mediated clea
m13 t37, t38 HAMP transcription leading to a decrease in level of ser
m14 t42, t48 Decreasing level of BMP–m-HJV–BMPs-R–neogenin–HFE
turn lead to a decrease in HAMP expression and contriband are released under conditions of iron-restricted erythropoiesis
[46].
The TGF beta ligand binds to a type II receptor dimer, which re-
cruits a type I receptor dimer forming a hetero-tetrameric complex
with the ligand, i.e. TGF beta. TGF beta pathway is mediated by the
SMAD anchor for receptor activation (SARA). SARA recruits an R-
SMAD. The type I receptor of TGF beta (TGF beta-RI) phosphory-
lates the serine residue of the R-SMAD, what leads to a conforma-
tional change in the MH2 domain of the R-SMAD and its
subsequent dissociation from the receptor complex and SARA
[41]. The phosphorylated R-SMAD has a high afﬁnity for a coSMAD,
like SMAD4, and forms a complex.
In the modulation of TGF beta ligands is involved a subclass of
SMADs, i.e. inhibitor SMAD (I-SMAD). This class includes SMAD6
and SMAD7. They both compete with SMAD4 and consequently
regulate the transcription of HAMP gene.
While HJV is a BMP co-receptor that enhances BMP/SMAD
signaling pathway [1], the mechanisms of how HFE and TfR2
contribute to the control of hepcidin activation remains elusive
[7].3.7. Hemojuvelin-transferin receptor 2-human hemochromatosis
protein-interactions
Recent research indicates that HJV, TfR2, and HFE form a pro-
tein complex [7]. It was disclosed that HJV physically interacts
with both HFE and/or TfR2 but not with TfR1. Transferrin-bound
iron (Fe2Tf) competes with HFE for binding to TfR1. If serum Fe2-
Tf levels increase, HFE is displaced from TfR1 to allow its inter-
action with TfR2 and to activate HAMP transcription [5]. So, HFE
bound to HJV does not simultaneously interact with TfR1. This
suggests that the association of HFE with HJV or TfR1 is mutu-
ally exclusive [7].
Summarizing, the BMP-R and its signaling molecules are at core
of the regulatory mechanism and control the HAMP transcription
through SMAD pathway. HJV increases BMP-R sensitivity to BMPs.
Information about iron stores in the liver is transmitted through
the increased production of BMP-R ligand, i.e. BMP6, and extracel-
lular iron concentration is detected through the interaction of Tf
with its receptors and with HFE. HFE and TfR2 increase the sensi-
tivity of the BMP-R to BMP6, probably by interactions with HJV.
Matriptase-2 is probably stabilized by low iron levels, it cleaves
m-HJV and inactivates it [16].–TfR–Fe2Tf protein complex, in case of increased concentration of serum iron,
d–SMAD4 complex with participation of phosphorylated TGF beta and SMURF2
nce of binding of R-SMADs phosphorylated–SMAD4 complex to BMP-RE1
of binding of R-SMADs phosphorylated–SMAD4 complex to BMP-RE2
n level and hypoxia
of iron in serum
rotein inhibitors
hosphorylated TGF beta to signaling protein inhibitors
cleavage of intracellular m-HJV
vage of intracellular m-HJV
um iron
–TfR2–Fe2Tf complex, in case of decreased concentrations of serum iron, what in
utes to an iron level increase
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4.1. Formal analysis of the modeled process
The Petri net model transforms biological and biochemical rela-
tionships and interactions into basic logical dependencies: implica-Table 4
T-clusters structure.
c1 c2 c3 c4 c5 c6 c7 c8 c9 c10 c11
m1 X X X X X X
m2 X X
m3 X X
m4 X X X X X
m5 X X X X X
m6 X X X X
m7 X X
m8 X X X
m9 X
m10
m11 X X X X X
m12 X X X X X
m13 X X X X
m14 X X
t9 x
t10 x
t12 x x x x x x
t13 x x x x x
t15 x x x x x x
t18 x x x x x
t21 x x x x x
t25 x x x x x x
t26 x x x x x x x x
t28 x x x x x x x x
t29 x x x x x
t30 x x
t32 x
t33 x x x x x
t35 x x x x x x x
t36 x x x x x x
t40 x x x x x
t41 x x x x x
t44 x x x x x x
Table 5
T-clusters and their biological interpretation.
T-cluster Biological interpretation
c1 Inhibition of HAMP synthesis caused by SMAD4–I-SMAD–SMAD6 co
c2 BMP–m-HJV–BMPs-R–neogenin–HFE–TfR2–Fe2Tf complex formation
c3 HAMP expression leading to an s-HJV increase
c4 HAMP expression based on increasing BMPs and m-HJV binding in he
c5 HAMP expression caused by increasing BMPs and m-HJV binding (bec
to an increase in serum iron level)
c6 Increasing s-HJV because of furin-mediated cleavage of intracellular
c7 HAMP expression caused by increasing BMPs and m-HJV binding in
c8 Decreasing BMP and m-HJV binding caused by furin activation (beca
inﬂammatory process and prolonged low iron in diet, what in turn s
c9 HAMP expression caused by increasing BMPs and m-HJV binding in
process requires SMAD4 synthesis)
c10 Decreasing BMP and m-HJV binding caused by m-HJV cleavage by m
c11 Decreasing BMP and m-HJV binding caused by m-HJV cleavage by m
c12 Decdecreasing BMP and m-HJV binding caused by m-HJV cleavage b
caused by inﬂammatory process)
c13 HAMP expression inﬂuenced by TGF beta
c14 HAMP expression inﬂuenced by hypoxia and processes lowering TW
c15 Increasing s-HJV formation, decreasing BMPs–m-HJV binding (also in
intestinum to the serum what lead to an increase in HFE–TfR2–Fe2Tf
c16 Increasing level of s-HJV inﬂuenced by low iron level, what in turn co
c17 Increasing level of s-HJV because of m-HJV–mediated cleavage by ma
HJV binding and ﬁnally decreases HAMP expression
c18 HAMP expression inﬂuenced by R-SMAD–SMAD4 complex synthesis
c19 HAMP expression changes in state of reduced iron levels in the body
c20 and c21 Increasing s-HJV inﬂuenced by low iron level in serum, what in turn
expression what ﬁnally contributes to an increased iron transport frotion, conjunction, negation and disjunction. Assembling of subnets
constructed in such a way gives the ﬁnal net. The Petri net based
model of the process described in the previous Section has been
built according to those rules. The resulted net contains 48 places
and 65 transitions and is shown in Fig. 2. The names of places and
transitions are listed in Table 1 and 2, respectively. The net hasc12 c13 c14 c15 c16 c17 c18 c19 c20 c21
X X
X X X X X X
X X X X X X
X X X X X X
X X
X X X X X X
X X
X X X X
X
X
X X X
X X X X X X
X X
x
x
x x
x
x x
x x x
x x x x x x
x x x x x x
x x x
x x x x
x
x x
x x
x
x x x x x
x x x x
x x x x x x
x x x x x x
x x x x x
mplex
leading to an increase of HAMP expression
patocytes as a result of high Fe level in serum; process requires SMAD4 synthesis
ause of low s-HJV level, high iron level in the serum and all processes contributing
m-HJV caused by hypoxia
cells other than hepatocytes (because of hypoxia)
use of low Fe level in serum and processes leading to low iron in serum, like
tabilizes HIF-1)
cells other than hepatocytes (because of high Fe level in serum or low s-HJV;
atriptase-2 (because of prolonged low iron in diet)
atriptase-2 (because of hypoxia)
y matriptase-2 (because of lower iron transport from intestinum to the serum,
SG1 and GDF15 synthesis; process requires SMAD4 synthesis
hepatocytes); inceasing HAMP synthesis causing increased iron transport from
complex
ntributes to stimulation of the processes that increase the level of iron in serum
triptase-2 inﬂuenced by hypoxia, what contributes to a decrease in BMPs and m-
and high serum iron level
and/or under the inﬂuence of hypoxia
lead to no binding between HFE, TfR1 and Fe2Tf and causes a decrese in HAMP
m intestinum to the serum and ﬁnally increses serum iron
D. Formanowicz et al. / Journal of Biomedical Informatics 46 (2013) 1030–1043 1037been drawn and simulated using Snoopy package [18] and has
been analyzed using Charlie software [45]. For the statistical anal-
ysis programs written in R language have been used.
Some places are identically named but are represented as differ-
ent nodes. They are called logical nodes and represent the same
states and are presented as independent places in order to improve
a model readability.
The presented model is a discrete Petri net with weights of all
arcs equal to one (such a model is called ordinary Petri net). The
model does not contain any information about speed of reaction
and substrates or products quantity. However, much signiﬁcant
information about the described biological process can be discov-
ered on the basis of a structural analysis. Below structural proper-
ties of the Petri net are discussed.
4.1.1. Structural analysis of the network
If the model is ordinary, then the obvious observation that it is
also homogeneous could be derived. It means that for each place all
outcoming arcs have the same weight (no quantitative data is con-
sidered). Another property of the ordinary net is non-blocking mul-
tiplicity, i.e. the minimal weight of incoming arcs is grater or equal
to the maximal weight of outgoing arcs.
The net is connected but not in strong sense: there is undirected
path between any two places but there may be no directed path
between them (there are no independent processes within theFig. 3. Cluster hierarcmodel). There are no structural traps, i.e. there is no possible dead-
lock for the net and there is also no such marking for which no
transition can ﬁre. The model is not structurally conﬂict-free be-
cause it contains places with two or more outgoing arcs (for in-
stance transitions t11 and t17 have the same preceding place p22).
The model is pure because it does not contain any read arcs
(loops which may represent occurrence of catalyst).
4.1.2. Analysis of invariants
There are no P-invariants and the model has 197 minimal T-
invariants. The net is covered by these T-invariants what means
that each transition belongs to a support of some T-invariant. Since
the model does not contain read arcs, all minimal T-invariants are
also feasible T-invariants (cf. [38,12]).
The net model contains 14 non-trivial MCT-sets, i.e. those con-
taining more than one transition. These sets and their biological
meaning are presented in Table 3.
The T-invariants of the net have been grouped into T-clusters.
Within the same T-cluster all T-invariants are more similar to each
other than to those inside other T-clusters. So, on the basis of such
clusters some relationships between biological subprocesses corre-
sponding to T-invariants can be deduced. In order to create mean-
ingful T-clusters a proper clustering method should be used. It
means that a clustering algorithm and a measure of similarity be-
tween clusters must be carefully chosen. The measure determineshy dendrogram.
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rithm to calculate the clusters.
Various pairs of clustering algorithm and similarity measure of-
ten yields different clusters. In order to choose the proper measure
and clustering method a computational experiment has been per-
formed. The T-clusters have been computed using several cluster-
ing algorithms (UPGMA, McQuitty, Median, Single, Complete,
Centroid and Ward) according to similarity values calculated on
the basis of eight similarity measures (Binary, Canberra, Pearson’s
Correlation, Euclidean, Manhattan, Maximum, Minkowski and
Uncentered Pearson).
To identify the best clustering the Mean Split Silhouette (MSS)
[19] method has been used. This method evaluates how well each
T-invariant ﬁts to its cluster and gives an averaged ﬁt for a given
clustering. The MSS shows that for most cases (the number of clus-
ters together with a similarity measure) the best T-clusters have
been obtained for UPGMA method. It was also noticed that the
method gives good and very similar results for three similarity
measures, i.e. Pearson’s Correlation, Uncentered Pearson and Man-
hattan distance. So, for the analysis of the modeled process proper-
ties the clusters calculated using UPGMA and Pearson’s correlation
have been chosen.
To ﬁnd the best number of clusters Calinski–Harabasz coefﬁ-
cient [3] has been calculated for the chosen method. This coefﬁ-
cient is calculated for each possible number of clusters (taken
from some predeﬁned range) and its highest value indicates the
optimal number of clusters. In the case of the presented model this
number is equal to 21. It corresponds to similarity threshold k
equal to 0.4 (this means that two T-invariants belong to the same
cluster if and only if the distance between them is closer than k).
The clusters are listed and described in Tables 4 and A.6, their bio-
logical interpretations are provided in Table 5, while the resultingFig. 4. m-HJV cleavage takes place in hepatocyte and non-hepatocyte cells. In hepatocy
hepatocyte cells both of these enzymes bind to m-HJV what results in the cleavage of mdendrogram describing relationships among the obtained clusters
is shown in Fig. 3.
4.2. Biological analysis of the model
In our work we pay a particular attention to the factors associ-
ated with HJV that affect the expression of HAMP, what in turn
determines the concentration of hepcidin, a key protein of the hu-
man body iron homeostasis.
4.2.1. New ﬁndings found on the basis of the behavior of the modeled
process
4.2.1.1. Is m-HJV to s-HJV cleavage mediated by furin and/or
matriptase-2?. We have found that cleavage of intracellular m-
HJV to s-HJV is either furin-mediated or matriptase-2-mediated
(both processes were found in various MCT-sets, i.e. m11 and
m12). Matriptase-2-mediated cleavage of m-HJV is probably inﬂu-
enced by an increase expression of m-HJV. In all clusters, i.e. c10,
c11 and c12 associated with matriptase-2-mediated cleavage, a sin-
gle transition t28 (m-HJV expression) has been found, as opposed to
processes related to furin-mediated cleavage, where t28 as a single
transition has never appeared in clusters associated with furin-
mediated cleavage, i.e. c6 and c8. The analysis of the network
behavior indicates that these are two separate processes, but
sometimes may interact with each other, as seen in the example
of cluster c7, where in x99, x100, x113 and x114 invariants they co-ex-
ist side by side. It is interesting that only in the mentioned cluster,
which refers to the processes taking place in cells other than hepa-
tocytes (t12), these processes occur side by side. In the remaining
twenty clusters such a situation was not observed. So, it can be
ejected the assumption that only in the extrahepatic tissues cleav-
age by matriptase-2 and by furin may coexist together, what istes it can be cleaved either by furin or by metriptase-2 while it seems that in non-
-HJV.
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that of matriptase-2. It is illustrated in Fig. 4 while Fig. 5 shows
the details of the analysis.4.2.1.2. The answer to the open question of whether matriptase-2
depends on the level of iron in the human organism. An answer to
this question can be found on the basis of the analysis of the con-
tent of cluster c10. It can be seen that both T-invariants belonging
to this cluster contain such transitions associated with levels of
iron, i.e. t15 and t26. An indirect answer to this question can be also
obtained on the basis of the analysis of the content of MCT-set m8
and clusters c20 and c21. In each of them can be seen that the con-
centration of s-HJV increases in the case of a reduced level of iron.
And when it comes to the formation of s-HJV particles? It is well
known that it is held under the inﬂuence of matriptase-2 or furin.
So, both these proteins must somehow be varied depending on the
iron status of the body. So it can be concluded that the level of iron,
particularly the low iron level, has probably an impact on the activ-
ity of matriptase-2 and furin. It is quite understandable, given the
fact that matriptase-2 is responsible for the level of s-HJV, directly
affecting the expression of HAMP, which in turn determines the
availability of iron in the human body. On the other hand, it should
be noted that high level of body iron do not shows such an impact
on the enzymatic activity of these proteins, since in none of the
analyzed clusters associated with furin or matriptase-2 mediated
cleavage of m-HJV, transitions associated with elevated levels of
human body iron can be found. Furthermore, the enzymatic activ-
ity of these proteins is also inﬂuenced directly by hypoxia process,
or indirectly by the HIF-1 which is stabilized by hypoxia, what can
be observed on the basis of the analysis of the contents of clusters
c6, c8, c10, c11 and c12.4.2.1.3. Is s-HJV a tissue speciﬁc?. We have revealed, that the release
of s-HJV may be a tissue speciﬁc mechanism, which signals the lo-
cal iron requirement of hypoxic skeletal muscles independently of
the hypoxia in other organs, mainly in the liver. Namely, we have
found, that although processes of furin activation induced by
HIF-1 stabilization were located in a single cluster, i.e. c6, there
were differences in the particular T-invariants compositions. Pro-Fig. 5. Details of the analysis resulting in thecesses associated with the stabilization of HIF-1 by hypoxia in skel-
etal muscles (t29) were grouped into another T-invariants (see in
clusters c6 and c17) than those inﬂuenced by hypoxia in other or-
gans, i.e. t13.
4.2.2. The results which conﬁrm the correctness of the created network
4.2.2.1. HIF-1 stabilization. In the model we showed that state of
hypoxia (p17) through transitions t13, t14 and t29, affects the stabil-
ization of HIF-1 (p22). It in turn reduces the formation of a complex
m-HJV–BMPs–BMPsR, what promotes an increase in s-HJV concen-
tration and ﬁnally decreases the expression of HAMP. So it can be
that any factors contributing to hypoxia have a signiﬁcant impact
on the concentration of hepcidin.5. Conclusions
In this paper the Petri net based model of the hemojuvelin–hep-
cidin axis regulation has been analyzed. The analysis was based
mainly on T-invariants. Because of a big number of T-invariants
transitions have been grouped into MCT-sets and T-invariants into
T-clusters, whose biological meaning has been determined. An
analysis of these mathematical objects allowed to detect some
dependencies among the corresponding biological subprocesses.
A particular ﬁnding of our study was to demonstrate that the
conversion of m-HJV to s-HJV, crucial for the regulation of hemo-
juvelin–hepcidin axis, may occur at the same time under the inﬂu-
ence of martiptase-2 and furin but only in extrahepatic tissues. The
same process in the liver never sets at the same time. In addition,
we have found that martiptase-2 and furin levels depend on the
iron resources in the human body. Certainly, these results obtained
in such a theoretical study are an indicator showing which parts of
the analyzed process require an in-depth analysis, including labo-
ratory veriﬁcation. On the other hand, focusing on the results ob-
tained in this study, the model of the regulation of HAMP
expression with particular emphasis on the factors associated with
hemojuvelin, created on the basis of current knowledge and
hypotheses, is in itself a valuable part of the results. It shows that
despite the fact that the parts of the model, especially these related
to the matriptase-2 and HFE and TfR2, have been based primarilydiscovery of the ways of m-HJV cleavage.
Table A.6
List of T-clusters. T-invariants were previously sorted according to the similarity measure, so each T-cluster can be represented as a range
of T-invariants.
T-cluster T-invariant MCT-sets Single transitions
c1 x1 m9 t21
c2 x2 m1 t10, t12, t28, t36, t44
x3 m1 t10, t12, t25, t26, t28, t44
x4 m1 t10, t12, t25, t28, t35, t44
c3 x5 m1, m4, m5, m8, m13 t12, t21, t25, t26, t28, t33, t44
x6 m1, m5, m6, m8, m13 t12, t21, t25, t26, t28, t33, t44
x7 m1, m4, m5, m8, m13 t12, t21, t25, t28, t33, t35, t44
x8 m1, m5, m6, m8, m13 t12, t21, t25, t28, t33, t35, t44
x9 m1, m4, m5, m8, m13 t12, t21, t26, t28, t33, t36, t44
x10 m1, m4, m5, m8, m13 t12, t21, t28, t33, t35, t36, t44
x11 m1, m5, m6, m8, m13 t12, t21, t26, t28, t33, t36, t44
x12 m1, m5, m6, m8, m13 t12, t21, t28, t33, t35, t36, t44
x13 m1, m2, m3, m4, m5, m8, m13 t12, t21, t28, t33, t36, t44
x14 m1, m2, m3, m5, m6, m8, m13 t12, t21, t28, t33, t36, t44
c4 x15 m1, m4, m5, m13 t9, t21, t25, t26, t28, t32, t44
x16 m1, m5, m6, m13 t9, t21, t25, t26, t28, t32, t44
x17 m1, m4, m5, m13 t9, t21, t25, t28, t32, t35, t44
x18 m1, m5, m6, m13 t9, t21, t25, t28, t32, t35, t44
x19 m1, m4, m5, m7, m13 t9, t18, t21, t28, t30, t32, t36, t44
x20 m1, m4, m5, m7, m13, m14 t9, t18, t21, t28, t32, t36, t44
x21 m1, m5, m6, m7, m13 t9, t18, t21, t28, t30, t32, t36, t44
x22 m1, m5, m6, m7, m13, m14 t9, t18, t21, t28, t32, t36, t44
x23 m1, m4, m5, m13 t9, t21, t25, t28, t32, t36, t44
x24 m1, m4, m5, m11, m13 t9, t15, t21, t28, t32, t36, t40, t44
x25 m1, m4, m5, m11, m13 t9, t15, t21, t28, t32, t36, t41, t44
x26 m1, m4, m5, m11, m13 t9, t12, t15, t21, t28, t32, t33, t36, t44
x27 m1, m4, m5, m12, m13 t9, t15, t21, t28, t32, t36, t40, t44
x28 m1, m4, m5, m12, m13 t9, t15, t21, t28, t32, t36, t41, t44
x29 m1, m4, m5, m12, m13 t9, t12, t15, t21, t28, t32, t33, t36, t44
x30 m1, m4, m5, m12, m13 t9, t13, t18, t21, t28, t32, t36, t40, t44
x31 m1, m4, m5, m12, m13 t9, t18, t21, t28, t29, t32, t36, t40, t44
x32 m1, m4, m5, m12, m13 t9, t13, t18, t21, t28, t32, t36, t41, t44
x33 m1, m4, m5, m12, m13 t9, t18, t21, t28, t29, t32, t36, t41, t44
x34 m1, m4, m5, m12, m13 t9, t12, t13, t18, t21, t28, t32, t33, t36, t44
x35 m1, m4, m5, m12, m13 t9, t12, t18, t21, t28, t29, t32, t33, t36, t44
x36 m1, m5, m6, m13 t9, t21, t25, t28, t32, t36, t44
x37 m1, m5, m6, m11, m13 t9, t15, t21, t28, t32, t36, t40, t44
x38 m1, m5, m6, m11, m13 t9, t15, t21, t28, t32, t36, t41, t44
x39 m1, m5, m6, m11, m13 t9, t12, t15, t21, t28, t32, t33, t36, t44
x40 m1, m5, m6, m12, m13 t9, t15, t21, t28, t32, t36, t40, t44
x41 m1, m5, m6, m12, m13 t9, t15, t21, t28, t32, t36, t41, t44
x42 m1, m5, m6, m12, m13 t9, t12, t15, t21, t28, t32, t33, t36, t44
x43 m1, m5, m6, m12, m13 t9, t13, t18, t21, t28, t32, t36, t40, t44
x44 m1, m5, m6, m12, m13 t9, t13, t18, t21, t28, t32, t36, t41, t44
x45 m1, m5, m6, m12, m13 t9, t18, t21, t28, t29, t32, t36, t40, t44
x46 m1, m5, m6, m12, m13 t9, t18, t21, t28, t29, t32, t36, t41, t44
x47 m1, m5, m6, m12, m13 t9, t12, t13, t18, t21, t28, t32, t33, t36, t44
x48 m1, m5, m6, m12, m13 t9, t12, t18, t21, t28, t29, t32, t33, t36, t44
x49 m1, m4, m5, m8, m13 t9, t21, t28, t32, t36, t40, t44
x50 m1, m4, m5, m8, m13 t9, t21, t28, t32, t36, t41, t44
x51 m1, m4, m5, m8, m13 t9, t12, t21, t28, t32, t33, t36, t44
x52 m1, m5, m6, m8, m13 t9, t21, t28, t32, t36, t40, t44
x53 m1, m5, m6, m8, m13 t9, t21, t28, t32, t36, t41, t44
x54 m1, m5, m6, m8, m13 t9, t12, t21, t28, t32, t33, t36, t44
c5 x55 m1, m4, m5, m12, m13 t12, t15, t21, t25, t26, t28, t33, t44
x56 m1, m4, m5, m12, m13 t12, t15, t21, t26, t28, t33, t36, t44
x57 m1, m5, m6, m12, m13 t12, t15, t21, t25, t26, t28, t33, t44
x58 m1, m5, m6, m12, m13 t12, t15, t21, t26, t28, t33, t36, t44
x59 m1, m4, m5, m12, m13 t12, t13, t18, t21, t25, t26, t28, t33, t44
x60 m1, m4, m5, m12, m13 t12, t13, t18, t21, t26, t28, t33, t36, t44
x61 m1, m4, m5, m12, m13 t12, t13, t18, t21, t28, t33, t35, t36, t44
x62 m1, m4, m5, m12, m13 t12, t13, t18, t21, t25, t28, t33, t35, t44
x63 m1, m5, m6, m12, m13 t12, t13, t18, t21, t25, t26, t28, t33, t44
x64 m1, m5, m6, m12, m13 t12, t13, t18, t21, t26, t28, t33, t36, t44
x65 m1, m5, m6, m12, m13 t12, t13, t18, t21, t28, t33, t35, t36, t44
x66 m1, m5, m6, m12, m13 t12, t13, t18, t21, t25, t28, t33, t35, t44
x67 m1, m4, m5, m12, m13 t12, t18, t21, t25, t26, t28, t29, t33, t44
x68 m1, m4, m5, m12, m13 t12, t18, t21, t26, t28, t29, t33, t36, t44
x69 m1, m4, m5, m12, m13 t12, t18, t21, t28, t29, t33, t35, t36, t44
x70 m1, m4, m5, m12, m13 t12, t18, t21, t25, t28, t29, t33, t35, t44
x71 m1, m5, m6, m12, m13 t12, t18, t21, t25, t26, t28, t29, t33, t44
x72 m1, m5, m6, m12, m13 t12, t18, t21, t26, t28, t29, t33, t36, t44
x73 m1, m5, m6, m12, m13 t12, t18, t21, t28, t29, t33, t35, t36, t44
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Table A.6 (continued)
T-cluster T-invariant MCT-sets Single transitions
x74 m1, m5, m6, m12, m13 t12, t18, t21, t25, t28, t29, t33, t35, t44
x75 m1, m4, m5, m12, m13 t12, t15, t21, t25, t28, t33, t35, t44
x76 m1, m4, m5, m12, m13 t12, t15, t21, t28, t33, t35, t36, t44
x77 m1, m5, m6, m12, m13 t12, t15, t21, t25, t28, t33, t35, t44
x78 m1, m5, m6, m12, m13 t12, t15, t21, t28, t33, t35, t36, t44
x79 m1, m2, m3, m4, m5, m12, m13 t12, t13, t18, t21, t25, t28, t33, t44
x80 m1, m2, m3, m4, m5, m12, m13 t12, t18, t21, t25, t28, t29, t33, t44
x81 m1, m2, m3, m4, m5, m12, m13 t12, t13, t18, t21, t28, t33, t36, t44
x82 m1, m2, m3, m4, m5, m12, m13 t12, t18, t21, t28, t29, t33, t36, t44
x83 m1, m2, m3, m5, m6, m12, m13 t12, t13, t18, t21, t25, t28, t33, t44
x84 m1, m2, m3, m5, m6, m12, m13 t12, t18, t21, t25, t28, t29, t33, t44
x85 m1, m2, m3, m5, m6, m12, m13 t12, t13, t18, t21, t28, t33, t36, t44
x86 m1, m2, m3, m5, m6, m12, m13 t12, t18, t21, t28, t29, t33, t36, t44
c6 x87 m11 t13, t18, t40
x88 m11 t13, t18, t41
x89 m11 t18, t29, t40
x90 m11 t18, t29, t41
c7 x91 m1, m4, m5, m11, m13 t12, t13, t18, t21, t25, t28, t33, t44
x92 m1, m4, m5, m11, m13 t12, t13, t15, t18, t21, t28, t33, t36, t44
x93 m1, m5, m6, m11, m13 t12, t13, t18, t21, t25, t28, t33, t44
x94 m1, m5, m6, m11, m13 t12, t13, t15, t18, t21, t28, t33, t36, t44
x95 m1, m4, m5, m7, m11, m13 t12, t13, t18, t21, t28, t30, t33, t36, t44
x96 m1, m4, m5, m7, m11, m13, m14 t12, t13, t18, t21, t28, t33, t36, t44
x97 m1, m5, m6, m7, m11, m13 t12, t13, t18, t21, t28, t30, t33, t36, t44
x98 m1, m5, m6, m7, m11, m13, m14 t12, t13, t18, t21, t28, t33, t36, t44
x99 m1, m4, m5, m11, m12, m13 t12, t13, t18, t21, t28, t33, t36, t44
x100 m1, m5, m6, m11, m12, m13 t12, t13, t18, t21, t28, t33, t36, t44
x101 m1, m4, m5, m8, m11, m13 t12, t13, t18, t21, t28, t33, t36, t44
x102 m1, m5, m6, m8, m11, m13 t12, t13, t18, t21, t28, t33, t36, t44
x103 m1, m4, m5, m8, m11, m13 t12, t18, t21, t28, t29, t33, t36, t44
x104 m1, m5, m6, m8, m11, m13 t12, t18, t21, t28, t29, t33, t36, t44
x105 m1, m4, m5, m11, m13 t12, t18, t21, t25, t28, t29, t33, t44
x106 m1, m4, m5, m11, m13 t12, t15, t18, t21, t28, t29, t33, t36, t44
x107 m1, m5, m6, m11, m13 t12, t18, t21, t25, t28, t29, t33, t44
x108 m1, m5, m6, m11, m13 t12, t15, t18, t21, t28, t29, t33, t36, t44
x109 m1, m4, m5, m7, m11, m13 t12, t18, t21, t28, t29, t30, t33, t36, t44
x110 m1, m4, m5, m7, m11, m13, m14 t12, t18, t21, t28, t29, t33, t36, t44
x111 m1, m5, m6, m7, m11, m13 t12, t18, t21, t28, t29, t30, t33, t36, t44
x112 m1, m5, m6, m7, m11, m13, m14 t12, t18, t21, t28, t29, t33, t36, t44
x113 m1, m4, m5, m11, m12, m13 t12, t18, t21, t28, t29, t33, t36, t44
x114 m1, m5, m6, m11, m12, m13 t12, t18, t21, t28, t29, t33, t36, t44
c8 x115 m11 t15, t26, t40
x116 m11 t15, t26, t41
x117 m11 t15, t35, t40
x118 m11 t15, t35, t41
c9 x119 m1, m4, m5, m11, m13 t12, t15, t21, t25, t26, t28, t33, t44
x120 m1, m4, m5, m11, m13 t12, t15, t21, t26, t28, t33, t36, t44
x121 m1, m5, m6, m11, m13 t12, t15, t21, t25, t26, t28, t33, t44
x122 m1, m5, m6, m11, m13 t12, t15, t21, t26, t28, t33, t36, t44
x123 m1, m4, m5, m11, m13 t12, t15, t21, t25, t28, t33, t35, t44
x124 m1, m4, m5, m11, m13 t12, t15, t21, t28, t33, t35, t36, t44
x125 m1, m5, m6, m11, m13 t12, t15, t21, t25, t28, t33, t35, t44
x126 m1, m5, m6, m11, m13 t12, t15, t21, t28, t33, t35, t36, t44
c10 x127 m12 t15, t26, t28, t40
x128 m12 t15, t26, t28, t41
c11 x129 m12 t13, t18, t26, t28, t40
x130 m12 t18, t26, t28, t29, t40
x131 m12 t13, t18, t26, t28, t41
x132 m12 t18, t26, t28, t29, t41
x133 m12 t13, t18, t28, t35, t40
x134 m12 t13, t18, t28, t35, t41
x135 m12 t18, t28, t29, t35, t40
x136 m12 t18, t28, t29, t35, t41
c12 x137 m12 t15, t28, t35, t40
x138 m12 t15, t28, t35, t41
c13 x139 m3, m10 t32, t36
x140 m3, m10 t25, t26, t32
x141 m3, m10 t25, t32, t35
x142 m2, m3, m4, m10, m13 t21, t25, t32
x143 m2, m3, m6, m10, m13 t21, t25, t32
c14 x144 m2, m3, m4, m7, m13 t18, t21, t30
x145 m2, m3, m6, m7, m13 t18, t21, t30
x146 m2, m3, m4, m7, m13, m14 t18, t21
x147 m2, m3, m6, m7, m13, m14 t18, t21
c15 x148 m2, m3, m4, m11, m13 t15, t21, t40
(continued on next page)
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Table A.6 (continued)
T-cluster T-invariant MCT-sets Single transitions
x149 m2, m3, m4, m11, m13 t15, t21, t41
x150 m2, m3, m6, m11, m13 t15, t21, t40
x151 m2, m3, m6, m11, m13 t15, t21, t41
x152 m2, m3, m4, m12, m13 t15, t21, t28, t40
x153 m2, m3, m4, m12, m13 t15, t21, t28, t41
x154 m2, m3, m6, m12, m13 t15, t21, t28, t40
x155 m2, m3, m6, m12, m13 t15, t21, t28, t41
x156 m1, m2, m3, m4, m5, m11, m13 t12, t15, t21, t25, t28, t33, t44
x157 m1, m2, m3, m4, m5, m11, m13 t12, t15, t21, t28, t33, t36, t44
x158 m1, m2, m3, m4, m5, m12, m13 t12, t15, t21, t25, t28, t33, t44
x159 m1, m2, m3, m4, m5, m12, m13 t12, t15, t21, t28, t33, t36, t44
x160 m1, m2, m3, m4, m5, m8, m13 t12, t21, t25, t28, t33, t44
x161 m1, m2, m3, m5, m6, m11, m13 t12, t15, t21, t25, t28, t33, t44
x162 m1, m2, m3, m5, m6, m11, m13 t12, t15, t21, t28, t33, t36, t44
x163 m1, m2, m3, m5, m6, m12, m13 t12, t15, t21, t25, t28, t33, t44
x164 m1, m2, m3, m5, m6, m12, m13 t12, t15, t21, t28, t33, t36, t44
x165 m1, m2, m3, m5, m6, m8, m13 t12, t21, t25, t28, t33, t44
c16 x166 m2, m3, m4, m8, m13 t21, t25, t40, t44
x167 m2, m3, m4, m8, m13 t21, t25, t41, t44
x168 m2, m3, m6, m8, m13 t21, t25, t40, t44
x169 m2, m3, m6, m8, m13 t21, t25, t41, t44
x170 m2, m3, m4, m8, m13 t21, t36, t40, t44
x171 m2, m3, m6, m8, m13 t21, t36, t40, t44
x172 m2, m3, m4, m8, m13 t21, t36, t41, t44
x173 m2, m3, m6, m8, m13 t21, t36, t41, t44
c17 x174 m2, m3, m4, m12, m13 t13, t18, t21, t28, t40
x175 m2, m3, m6, m12, m13 t13, t18, t21, t28, t40
x176 m2, m3, m4, m12, m13 t13, t18, t21, t28, t41
x177 m2, m3, m6, m12, m13 t13, t18, t21, t28, t41
x178 m2, m3, m4, m12, m13 t18, t21, t28, t29, t40
x179 m2, m3, m6, m12, m13 t18, t21, t28, t29, t40
x180 m2, m3, m4, m12, m13 t18, t21, t28, t29, t41
x181 m2, m3, m6, m12, m13 t18, t21, t28, t29, t41
c18 x182 m1, m2, m3, m4, m13 t10, t12, t21, t25, t28, t44
x183 m1, m2, m3, m6, m13 t10, t12, t21, t25, t28, t44
x184 m1, m2, m3, m4, m5, m13 t9, t21, t25, t28, t32, t44
x185 m1, m2, m3, m5, m6, m13 t9, t21, t25, t28, t32, t44
c19 x186 m7 t18, t26, t30
x187 m7 t18, t30, t35
x188 m7, m14 t18, t26
x189 m7, m14 t18, t35
c20 x190 m8 t25, t26, t40, t44
x191 m8 t25, t26, t41, t44
x192 m8 t26, t36, t40, t44
x193 m8 t26, t36, t41, t44
x194 m8 t35, t36, t40, t44
x195 m8 t35, t36, t41, t44
c21 x196 m8 t25, t35, t40, t44
x197 m8 t25, t35, t41, t44
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ysis of this model allow to get valuable results, what may indicate
that these hypotheses have been well-formed.
The analyzed Petri net will be a subject of future research. In
particular, some available quantitative data will be added to the
model what should increase its predictive power. Increasing
weight of arcs leads to a more precise model because it allows to
include some quantitative relationships which appear in the bio-
logical system. However, to model these relationships some addi-
tional biological knowledge is necessary which may be not
always available. It is worth to mention that differential equations
also allow to build precise quantitative model. However, to build
such a model exact values of some parameters describing a system
are needed. In practice in case of biological systems such values are
often not available. Hence building a model of a system based on
Petri nets or some of their variants (e.g. hybrid Petri nets) is a rea-
sonable alternative.
Another direction of the possible research would be to design
and conduct experiments in a wet laboratory. Despite that the bio-
logical ﬁndings described in this paper have been veriﬁed by biol-
ogist such experiments would additionally ensure theircorrectness. They also could suggest some further properties of
the system which could be analyzed using systems based methods.
So, the results presented in the paper are possible starting
points for further both theoretical and laboratory investigations.Acknowledgment
This research has been partially supported by the Polish Na-
tional Science Centre grant No. 2012/07/B/ST6/01537.Appendix A. List of T-clusters
In this appendix a table containing a detailed structure of all T-
clusters is presented. By deﬁnition each such a cluster is composed
of some T-invariants and each T-invariant corresponds to some
transitions. Moreover, as deﬁned in Section 3, transitions belonging
to exactly the same T-invariants are grouped into MCT-sets. So, in
the second column of Table A.6 all T-invariants grouped into the T-
cluster indicated in the ﬁrst column are listed. Moreover, in the
third and the fourth columns the composition of every T-invariant
D. Formanowicz et al. / Journal of Biomedical Informatics 46 (2013) 1030–1043 1043is shown. Here, the MCT-sets are listed in order to make the list of
transitions more compact. Hovewer, every T-invariant of the pre-
sented Petri net corresponds to some (whole) MCT-sets and also
to transitions not belonging to these sets. These transitions are
listed in the fourth column.
The table has been used in the analysis described in this paper.
The analysis is based on the relationships among T-clusters. Such
relationships follow from the fact that some transitions appear in
various clusters. Since transitions correspond to elementary bio-
logical processes and T-clusters correspond to some functional bio-
logical modules an occurrence of some transitions in different
clusters indicates that some biological modules contain the same
elementary processes what often means that they are functionally
related to each other. Dependencies of this type can be discovered
on the basis of the detailed structure of T-clusters shown in
Table A.6 what has been illustrated in Fig. 5.
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